residues from the DNA binding domain of Hin protein with EDTA at the amino terminus binds and cleaves at the 13-bp Hin site (8) . Despite this progress, our understanding of molecular recognition of DNA is still sufficiently primitive that the elucidation of the chemical principles for creating specificity at the ? 15-bp level may be slow when compared to the time scale for and interest in mapping large genomes.
Triple helix formation. We now describe the sequence-specific cleavage of large double helical DNA with modified oligonucleotides that bind in the major groove forming a triple helix structure (Fig. 1) . The first triplex of nucleic acids was reported three decades ago (11) . Poly(U) and poly(A) were found to form a stable 2:1 complex in the presence of MgCl2. After this, several triple-stranded structures were discovered (12, 13). Poly(C) forms a triple-stranded complex at pH 6.2 with guanine oligoribonucleotides. One of the pyrimidine strands is apparently in the protonated form ( 
14-16). In principle, isomorphous base triplets (T-A-T and C-G-C+) can be formed between any homopurine-homopyrimidine duplex and a corresponding homopyrimidine strand (17-19) (Fig. 1). The DNA duplex poly(dT-dC)poly(dG-dA) associated with poly(U-C) or poly(dT-dC) belowpH 6 in the presence of MgCl2 to afford a triple-
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stranded complex (18, 19). Several investigators proposed an antiparallel orientation of the two polypyrimidine strands on the basis of an anti conformation of the bases (17-19). The x-ray diffraction patterns of triple-stranded fibers (poly(A)-2 poly(U) and poly(dA)-2 poly(dT)) supported this hypothesis (20-22) and suggested an A'
RNA-like conformation of the two Watson-Crick base-paired strands with the third strand in the same conformation, bound parallel to the homopurine strand of the duplex by Hoogsteen hydrogen bonds (23). The 12-fold helix with dislocation of the axis by almost 3 A, the C3'-endo sugar puckering and small base-tilts result in a large and deep major groove that is capable of accommodating the third strand (24). A high-resolution x-ray structure of a triple helical DNA or RNA has not yet been reported. Oligonucleotide-EDTA probes. Oligonucleotides equipped with a DNA cleaving moiety have been described which produce sequence-specific cleavage of single-stranded DNA (25-28). An example of this is oligonucleotide-EDTAFe hybridization probes (DNA-EDTA) which cleave the complementary single strand sequence (26, 27) . A homopyrimidine oligonucleotide equipped with a DNA cleaving moiety should recognize the corresponding complementary sequence of double helical homopurinehomopyrimidine DNA and yield a strand break at the target sequence (Fig. 2) . The affinity cleaving method (5, 26, 29) with DNA-EDTA allows the effect of reaction conditions, probe length, and single base mismatches on triple helix formation to be analyzed on highresolution sequencing gels. In addition, the orientation of the third strand as well as the identity of the grooves in right-handed DNA helix occupied by the bound DNA-EDTA probe can be analyzed by high-resolution gel electrophoresis (5, 26) (Fig. 2) . Finally, the location of triple helices within large pieces of DNA can be mapped by double strand breaks analyzed by nondenaturing agarose gel electrophoresis. Nine homopyrimidine DNA probes, 11 to 15 nucleotides in length, containing a single thymidine with EDTA covalently attached at the 5 position (labeled T* in Figs. 3B, 4B, and 6B) were synthesized for binding and cleavage studies with two different duplex target DNA's. We find that these homopyrimidine-EDTA probes bind the corresponding homopurine sequence of duplex DNA in parallel orientation and, in the presence of Fe(II) and dithiothreitol (DTT), cleave one (or both) strands of the Watson-Crick DNA at that site.
One convenient synthesis of DNA-EDTA probes involves the incorporation of a modified thymidine into an oligonucleotide by chemical methods. This approach allows for automated synthesis and affords control over the precise location of the EDTA moiety at any thymidine position in the oligonucleotide strand (26). Oligonucleotides-EDTA 1 to 9 of different length, composition, and EDTA-thymidine position were synthesized in this manner. Each of the nine DNA-EDTA probes was purified by gel electrophoresis.
Orientation and groove location of Hoogsteen strand binding Watson-Crick DNA. Although it is believed that the two homopyrimidine strands in triple helical DNA or RNA are antiparallel, a definite proof is lacking. We examined a double-stranded DNA that (Fig.  4B) .
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The cleavage efficiency of probes 4 to 6, which differ in length (15, 13, and 11 nucleotides), and probes 7 and 8, which differ in sequence (each contain one Hoogsteen base mismatch in the triple helix complex), was examined under identical conditions at different temperatures. Identical cleavage patterns are observed for the DNA-EDTA Fe(II) probes 4 to 8. At 00C, probes 4 to 6, which differ in length but have in common T* at position 5 each produce a cleavage pattern of the same intensity. At 250C probe 6, which is 11 nucleotides in length, cleaves the target DNA three times less efficiently than probes 5 or 4, which are 13 and 15 nucleotides in length, respectively. Probes DNA-EDTA 7 and 8, which contain a single base mismatch at position 10 and 11, generate cleavage patterns of reduced intensity and are temperature-sensitive. Compared to DNA-EDTA probe 4, the relative cleavage efficiency decreases for the single base mismatch probes 7 from 0.4 (at 0C) to 0.08 (250C) and 8 from 0.5 (at 0C) to 0.13 (250C) (Fig. 5B) .
Importance of added cations. The importance of added cations for formation of triple-stranded DNA or RNA has been known since the discovery of those structures. To bind double helical DNA, the DNA-EDTAFe(II) probe must overcome the repulsion between two anionic chains of the Watson-Crick duplex and its own negatively charged phosphodiester backbone. One way to achieve this is to use multivalent cations ( (Fig. 4B) . and 1.02 kb in size as determined by comparison with comigrating DNA size markers (Fig. 6A, lanes 3 and 6) .
Significance of triple helix formation in large DNA. Although triple-stranded structures of polynucleotides were discovered decades ago, the biological significance has remained obscure. Such triplexes were proposed to be involved in processes like regulation of gene expression, maintenance of folded chromosome conformations, chromosome condensation during mitosis, and induction of local conformational changes in B-DNA (35-37). The work reported here demonstrates that homopurine-homopyrimidine double helical tracts can be recognized within large DNA by triple helix formation under physiological conditions. Homopyrimidine oligonucleotides and their analogs equipped with efficient DNA cleaving moieties at the 5' end could become useful tools in chromosome analysis, gene mapping, and isolation. Moreover, as molecular biology defines specific disease states at the DNA level, a chemotherapeutic strategy of "artificial repressors" based on triple helixforming DNA analogs becomes a possibility. 
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